Solar powered steam generation is an emerging area in the field of energy harvest and sustainable technologies. The nano-structured photothermal materials are able to harvest energy from the full solar spectrum and convert it to heat with high efficiency. Moreover, the materials and structures for heat management as well as the mass transportation are also brought to the forefront. Several groups have reported their materials and structures as solutions for high performance devices, a few creatively coupled other physical fields with solar energy to achieve even better results. This paper provides a systematic review on the recent developments in photothermal nanomaterial discovery, material selection, structural design and mass/heat management, as well as their applications in seawater desalination and fresh water production from waste water with free solar energy. It also discusses current technical challenges and likely future developments. This article will help to stimulate novel ideas and new designs for the photothermal materials, towards efficient, low cost practical solar-driven clean water production.
Introduction
Currently, one-fifth of the world's population is facing scarcity in energy and clean water resources. Finding sufficient freshwater resources has become a top priority in the strategic plans of most governments, as it affects the potential for economic growth and social well-being of billions of people [1] . Naturally, sustainable saline water desalination becomes a principle means and effective way for many societies to secure fresh water, because the saline water accounts for 97% of the earth's water storage.
Usually, desalination processes can be categorized into two types: membrane processes and thermal processes. Membrane desalination processes include electro-dialysis (ED) [2] , reverse electrodialysis (RED) [3] , capacitive deionization [4] , reverse osmosis (RO) [5, 6] , and membrane distillation [7] . Thermal desalination processes, based on phase change processes, include multi-stage flash distillation (MSF) [8] , multi-effect distillation (MED) [9, 10] , humidification dehumidification [11] , and vapor compression distillation (VCD). Among these VCD desalination techniques, MSF, MED and RO are widely used at present [12] . In particular, high energy consumption is a critical factor that affects the economics of desalination. Therefore, it becomes imperative to find alternative clean sources of energy for desalination.
With the development of new materials in recent years, especially the nano-materials, such as plasmonic nanometal particles [13] , graphene, graphene oxide, carbon nanotubes and porous carbon, solar distillation, this ancient technology has regained a new breakthrough development. In principle, it just like the typical solar distillation apparatus, sunlight is captured and converted to heat and then used to generate water vapor, which can subsequently be condensed to produce fresh water. Based on the knowledge gained from the new research, water evaporation occurs at the interface theory, solar-driven water evaporation can be realized efficiency and environmentally friendly assisted by these newly emerged photothermal materials [14, 15] .
In the last few years, the research on utilizing photothermal materials for both solar water evaporation and solar distillation has attracted a fast growing interest. In particular, the solar distillation's features of zero CO 2 emission, low energy consumption and high efficiency toward seawater desalination are very contemporarily appealing and relevant in the times of ongoing and ever worsening environment, clean energy shortage, and water scarcity.
Solar steam generation is a complicated physical process including energy absorption, heat transfer and mass transfer. How to realize the maximum absorption and conversion efficiency of solar energy is the critical core. This frontier review highlights impressive developments in material selection, thermal management and mass transfer. The applications of these new materials and structural designs in solar vapor generation are reviewed. The current challenges and future perspectives are discussed.
Solar absorbing materials
Solar energy is the input source to realize the water vapor generation, the primary condition as well. The solar spectrum ranges from 280 to 2500 nm [16] , and most of the energy is composed of the visible light (400-700 nm, 45%) and the IR light (700-2500 nm, 52%). In order to capture solar energy to the maximum extent, the photothermal materials are expected to absorb broadly within the entire solar spectrum. So far, nanoparticles and porous carbon-based materials are two kinds of materials suitable for solar water evaporation.
Plasmonic nanometals
Plasmon resonance is a well-known phenomenon in many metals. When the frequency of incident light matches the oscillation frequency of delocalized electrons in the metals, it triggers a collective excitation of the electrons, generating hot electrons. The hot electrons oscillate coherently with the incident electromagnetic field, resulting in heat generation by a Joule mechanism [17, 18] . In 2016, Meng et al. discussed the effect and theory of plasmonic photocatalysis and plasmonic photo-thermocatalysis to convert solar energy to chemical energy [19] .
The plasmonic effect of noble metal nanomaterials is wavelength specific and highly dependent on their shapes and sizes [20] . Gold distinguishes itself among its peers due to its high tunability of light adsorption within the solar spectrum, chemical stability, availability of rich synthesis methods, and nontoxicity. In 2010, Lukianova-Hleb et al. used short laser pulses to generate transient vapor nanobubbles around plasmonic nanoparticles. They studied the photothermal, mechanical, and optical properties of the bubbles and thought the mechanical and optical scattering properties of plasmonic nanobubble depended upon the nanoparticle surface and heat capacity, clusterization state, and the optical pulse length [21] .
The performance of light-induced vapor generation with Au nanoparticles immersed in liquid was investigated by Fang et al. in 2013, as shown in Fig. 1 [22] . A nanometer scale envelope of vapor can be formed when the Au particles are illuminated with sufficient and resonant light, and a dramatic temperature jump was also observed. In 2013 and 2014, Halas's group pioneered Au nanoparticleenabled solar vapor generation which inspired wide research interest in solar water evaporation and beyond [22] [23] [24] [25] . Solar illumination of broadly absorbing metal nanoparticles dispersed in a liquid produces vapor without the requirement of heating the fluid volume. The absorbed solar energy can direct primarily vaporization of water into steam.
To harvest a wide solar spectrum absorbing solar energy at a maximum extent, metal nanoparticles with a wide size distribution and/or various shapes are combined in some works. In 2017, Guo et al. studied the diameter effect (varied from 3 to 40 nm) of gold nanoparticles on photothermal conversion for solar steam generation [26] . In order to further improve the water vapor conversion efficiency, the heat loss must be considered to reduce, while nanoparticles spread in water is not very suitable. People began to try to change the distribution of nanoparticles, prepare floating reaction layers as the solar absorbing and vapor generation layers, to reduce the heat lost to the bulk water. In 2014, Wang et al. fabricated a free-floating film of gold nanoparticles at the air-water interface in which the thermal energy is provided directly at the evaporative surface, leading to a fast and efficient evaporation [27] . After that, Liu et al. further produced free-standing films by depositing Au nanoparticles onto airlaid paper [28] and anodized aluminum oxide (AAO) [29, 30] . Localized heating occurred only at the air-water interface, these floating films can lead to an improved water evaporation efficiency.
Given the inherently narrow absorption bandwidth of well-sorted Au nanoparticles, in 2015, Bae et al. developed flexible thin-film black Au membranes with multiscale structures of varying metallic nanoscale gaps (0-200 nm), which had an average absorption of 91% at 400-2500 nm and showed effective solar water evaporation [31] . In 2016, Tian et al. demonstrated the efficacy of an Au nanorod loaded biomaterial derived 3D aerogel for solar water evaporation [32] . To further expand the absorption of solar radiation, in 2016, Zhou et al. reported a plasmonic absorber through loading Au nanoparticles with random sizes and distributions into a nanoporous template (AAO) by a one-step deposition process with an average absorbance of~99% from 400 nm to 10 mm [33] .
To reduce the thermal radiation, in 2017, Zhou et al. fabricated spectrum-selective plasmonic absorbers with flexibly tuned bandwidth with Au nanoparticles. The plasmon hybridization of the close-packed gold nanoparticles can improve the absorption, and the optical cutoff effect of the gold-particle-assembly built nanotube can lead to the tunable absorption edge [34] . Liu et al. provided a theoretical analysis of the performances of the system based on first principle simulations, shows a broadband absorption 97% from 350 to 1450 nm. A black layer was made by nanorods (75 nm) connected with nanospheres (18 nm diameter) on a filter paper and the thickness about 200 nm, which reaches a solar thermal efficiency of 87% when exposed to an intensity of 2.3 sun, maintaining a stable efficiency of 90% at higher solar intensities [35] .
Other plasmonic metal nanomaterials have also been investigated towards solar evaporation and distillation. In 2016, Zhou et al. demonstrated a plasmon-enhanced solar desalination device, fabricated by the self-assembly of aluminium nanoparticles into a three-dimensional porous membrane, as shown in Fig. 2 . The porous plasmonic absorber can efficiently absorb a broad solar spectrum ( > 96%) and focus the absorbed energy at the surface of the water to enable efficient (~90%) and effective desalination [36] . In 2017, Wang et al. fabricated silver nanoparticles (AgNPs) with different polyhedral morphology control (diameter: 48.7-411.9 nm) via a household microwave oven, which exhibited a good match to the solar spectrum in the UV to near infrared wavelength range [37] . In 2017, Fang et al. showed a device with Ag/ diatomite combined with a filter paper, an airlaid paper and a polystyrene foam which realized the evaporation rate at 1.39 kg$m -2 $h -1 under one-sun illumination [38] . In 2017, researchers reported many other metal nanoparticles in the water vapor generation with solar energy, such as Pd NPs on wood membrane [39] , depositing nanometer iridium film onto a porous anodic alumina template [40] , and indium nanoparticles on paper [41] .
Nano carbon materials
The carbon-based materials can absorb widely in the entire solar spectrum and the excited electrons relax to their ground state, releasing heat, due to the closely spaced energy levels of the loosely-held π electrons. Carbon based-materials, including carbon black, carbon nanotubes (CNTs), graphene, graphene oxide (GO), reduced graphene oxide (rGO), porous carbon, etc. are among the most well-known photothermal materials because of their broad light absorption, high stability, lightweight and low-cost. Nano carbon materials have many advantages, no toxic metals, stable performance, and can be easily made into all kinds of structures with different scale porous structures desirable for solar thermal applications.
In 2014, Ghasemi et al. reported a development of a new approach and corresponding material structure (doublelayer structure) that localizes the solar energy where evaporation occurs and minimizes the heat losses leading to enhanced solar thermal efficiency at low optical intensity in the open air while generating steam, as presented in Fig. 3 . Ninety-seven percent of the irradiated solar power can be absorbed within the top exfoliated graphite layer. The bottom carbon foam which can limit the water flow rate to enhance the temperature of the generated vapour phase. The structure achieved solar thermal efficiency up to 85% at only 10 kW$m -2 [42] .
In 2014, Selvakumar et al. demonstrated the transition of CNT-based tandem absorber (Ti/AlTiO/CoO/CNTs) from a near-perfect blackbody absorber to a solar selective absorber by varying the thicknesses of the CNTs and by suitably designing the bottom tandem absorber [44] . In 2016, Wang et al. investigated carbon-nanotube nanofluids for direct vapor generation [45] . A high evaporation efficiency (46.8%) was obtained under a solar illumination power of 10 kW$m -2 . In 2016, a bilayered material, consisting of a top self-floating hydrophobic CNT membrane and a bottom hydrophilic macroporous silica substrate, which had a solar thermal conversion efficiency of 82% was reported [46] . In 2017, Yin et al. fabricated a unique structure of a VACNT array with the optical absorptivity about 0.98-0.99 over an ultra-broad spectral range of 200 nm-200 mm, as shown in Fig. 3 . The evaporation rate of water assisted by VACNT arrays is 10 times that of bare water, the solar thermal conversion efficiency reached 90%. This vertically aligned structure provided ultrafast water transport due to the frictionless wall of CNTs [43] .
In 2015, Ito et al. developed a versatile porous graphene as a superior heat localization material for highly effective steam generation. The graphene particularly with nitrogen doping, has effective light absorption, low specific heat, low thermal conductivity, and mesoscopic porosity, which meet all the requirements for effective steam generation by heat localization energy efficiency of 80%. They tailored pore size of the graphene by CVD temperatures. The generation of bubbles at the interface between hydrophobic graphene and water, enhanced thermal insulation of the system [47] . In 2017, Zhang et al. prepared a long-range vertically aligned graphene sheets membrane (VAGSM) via the antifreeze-assisted freezing technique. With the run-through channels facilitating the water transport, high light absorption capacity, the VAGSM achieved average water evaporation rates of 1.62 and 6.25 kg$m -2 $h -1 under 1 and 4 suns illumination with solar thermal conversion efficiency of up to 86.5% and 94.2%, respectively [48] . Yang et al. demonstrated that functionalizing graphene using hydrophilic groups can greatly enhance the solar thermal steam generation efficiency. The surface effect attributed to the more hydrophilic feature of functionalized graphene influenced the water meniscus profile at the vapor-liquid interface, which led to thinner water films close to the three-phase contact line, where the water surface temperature is higher since the resistance of thinner water film is smaller, leading to more efficient evaporation [49] .
Graphene composite with other nano materials also has been studied. In 2016, Zhang et al. reported a threedimensional (3D) graphene foam and phase change material (paraffin wax) composite which can enhance the heat storage capacity of the composite and release heat in an elongated period of time for sustained utilization [50] . To minimize heat loss, Li et al. designed a confined 2D water path, a thin layer of cellulose wrapped over the surface of the thermal insulator, a polystyrene foam. They thought the high efficiency of solar desalination is independent of the water quantity and can be maintained without thermal insulation of the container. A foldable graphene oxide film, serves as efficient solar absorbers ( > 94%), vapor channels, and thermal insulators [51] . To gain an ideal structure suitable for solar steam generation, Jiang et al. introduced a bilayered hybrid biofoam composed of RGO and bacterial nanocellulose which possess large specific surface area, open microporous structure, excellent mechanical properties, and facile and scalable synthesis [52] .
In 2017, Liu et al. introduced a novel bilayer structure which was composed of wood and GO for solar vapor generation [53] . The microporous wood provided broad optical absorption and served as a thermal insulator which greatly improved water evaporation rate, as shown in foam, and the evaporation rate and the energy conversion efficiency as high as 1.31 kg•m -2 $h -1 and 83%, respectively [56] . In this year, many researchers also made other composites based on graphene, such as rGO sheets and mixed cellulose esters (MCE) membrane connected by polyethylenimine [57] , reduced graphene oxide and polytetrafluoroethylene composite membrane [58] .
Besides the novel and expensive materials graphene and CNT, carbon black and porous carbon also behaved a good performance in solar steam generation through proper design. In 2015, Liu et al. showed a floatable superhydrophobic carbon black based superhydrophobic gauze which was fabricated through dip coating of the lightabsorbing CB nanoparticle and PDMS [59] . 2017, Liu et al. fabricated a structure with carbon black (powder), hydrophilic porous paper and expanded polystyrene foam. With the excellent thermal insulation between the surface liquid and the bulk volume of the water and the suppressed radiative and convective losses from the absorber surface to the adjacent heated vapor, a record thermal efficiency of 88% is obtained under 1 sun, corresponding to the evaporation rate of 1.28 kg$m -2 $h -1 [60] . In 2018, Zhao et al. demonstrated a HNG based on PVA and PPy that serves as an independent solar vapour generator ( Fig. 5 ) [68] . The floating HNG sample evaporated water with a record high rate of 3.2 kg$m -2 $h -1 via 94% solar energy from 1 sun irradiation. They thought the reduced latent heat of water evaporation in the molecular mesh under natural sunlight had a tremendous impact on. Chen et al. synthesized the polymer poly(1,3,5-hexahydro-1,3,5-triazine), which could be processed into a self-floating monolithic foam [69] . The single component foam can be used as an evaporator with an efficiency 80% even at 0.5 sun, and the foam was mechanically strong, thermally stable to 300°C and chemically resistant to many organic solvents.
Semiconductors and metal oxides
Metal oxides are usually used as photocatalytic and photothermal catalytic materials in hydrogen production [70, 71] , solar-driven CO x reduction to hydrocarbons [72, 73] . Recently, metal oxides are used in the application of solar water evaporation. Liu et al. investigated the solar driven heating performance of a bifunctional membrane consisting of TiO 2 NPs, Au NPs and AAO in 2016 [29] . In 2017, Li et al. reported MXene (Ti 3 C 2 ) as a full solar spectrum absorber and effective photothermal material for solar water evaporation, which produced a light-to-water evaporation efficiency of 84% under one sun irradiation [74] . Although these semiconducting materials did work for photothermal energy harvest, their relatively high cost and the finite solar absorption due to their high refractive index and bandgap of semiconductors, are the two main problems.
In 2016, Zhu et al. synthesized black titania with a unique nanocage structure simultaneously with light trapping effect to enhance light harvesting, well-crystallized interconnected nanograins to accelerate the heat transfer from titania to water and with opening mesopores (4-10 nm) to facilitate the permeation of water vapor [75] . 
Composite materials
In order to improve the performance of the solar vapor generation, especially energy conversion efficiency, various works also made to combine these materials together. film exhibited an absorption of more than 82% over the whole solar spectrum range even with an ultrathin thickness of~120 nm and an evaporation efficiency of 91.5% was achieved [82] .
In 2018, Wang et al. reported a facile but effective approach to improve the photothermal performance by compositing the 2D rGO and 1D multiwalled carbon nanotubes, which have different nanomorphologies [83] . With rough surface, controllable nano-structure, loose internal porous structure and suitable wettability, the solar thermal conversion efficiency can reach up to 80.4% without extra accessory for thermal management. Yang et al. designed a bilayer film by assembling gold nanorod (AuNR) onto the interconnected single-walled carbon nanotube (SWNT) porous film, as shown in Fig. 6 [84] . The device got a nearly 94% water evaporation efficiency under 5 kW$m -2 solar irradiation.
3 Thermal management
Nanofluids
Many researches on nanofluids have shown that the suspensions of nanoparticles in conventional fluids can potentially enhance the efficiency of these solar thermal systems. The merit of this type of solar collector is that it can be designed to minimize the number of energy transfer steps, and convert solar illumination to thermal as much as possible instead of electricity To investigate the inherent advantages of an optically tailored nanofluid system, in 2012, Taylor et al. have experimentally tested the feasibility of volumetrically absorbing, direct steam collection mediums [85] . Resulting temperature profiles and bubble dynamics are compared for the different samples. Lenert and Wang presented a combined modeling and experimental study to optimize the efficiency of liquid-based solar receivers seeded with carbon-coated absorbing nanoparticles [86] . In 2015, Ni et al. reported and measured vapor generation efficiencies of 69% at solar concentrations of 10 suns using graphitized carbon black, carbon black, and graphene nanoparticles suspended in water, representing a good performance in both transient and steady-state [87] .
Floating structures
To realize the thermal management and reduce the heat loss, many works have been done on reducing the convective, conductive and radiative heat losses. Floating the reaction zone is one of the important method, and various of upholders were used to float the device, such as paper [88] [89] [90] , AAO [34, 36] , polymer foam [51] , and wood [91] etc. Under 1 sun illumination, the evaporation rate and efficiency of different nano materials with different carriers are listed in Table 1 . In 2016, Ni et al. used a commercially cermet-coated copper substrate as the selective absorber, the insulation foam (polystyrene foam) to float the entire structure, a fabric wick to draw water through the foam, and a cap (bubble wrap) to prevent extraneous evaporation ( Fig. 7) [92] .
In 2017, Zhou et al. reported that spectrum-selective plasmonic absorbers with flexibly tuned bandwidth can be fabricated by a convenient self-assembly process [34] . The tunable plasmonic absorbers could float on water and had an extraordinary absorption (above 90%) with absorption cutoff wavelengths flexibly tuned from visible (~550 nm) to infrared (~2500 nm). Zhu et al. designed plasmonic wood by uniformly decorating fine metal nanoparticles into the 3D mesoporous matrix of natural wood (plasmonic wood) for high-efficiency solar steam generation, and exhibited high light absorption ability (~99%) over a broad wavelength range from 200 to 2500 nm [93] .
Structure designs
In 2014, Ghasemi et al. fabricated a double-layer structure consisting of carbon foam (300-600 mm) and exfoliated graphite [42] . The top exfoliated graphite was hydrophilic suitable for vapor escaption while the bottom carbon foam was insulating and limited porous structure which can support and float the whole device and also control the water quantity transferred to the top. In 2016, Li et al. fabricated a floating device consisting of a 2D water path by a thin layer of cellulose wrapped over the surface of the thermal insulator, a polystyrene foam, and a foldable graphene oxide film as the absorber [51] . Enabled by a confined 2D water path, this device can reach at an efficient of 80% under 1 sun illumination. In 2018, Li et al. reported a special structure with 1D water path (a coton rod) for water supply way and a hollow cone absorber (GO film), and with this structure, over 85% solar steam efficiency under one sun can be achieved without external optical or thermal management [94] . In 2018, Wang et al. used a 3D photothermal cone to improved light-harvesting and thermal management for efficient solar-drive water evaporation [95] . Ni et al. presented an experimental demonstration of a salt-rejecting evaporation structure that can operated continuously under sunlight to generate clean vapor while floating in a saline body of water [96] .
In 2018, Zhuang et al. reported a concept of interfacial solar vapor generation based on tunable plant transpiration [97] . The transpiration efficiency can be enhanced or suppressed through engineering the solar absorber-leaf interface by sensing the surface temperature and relative humidity in the surrounding environment. Morciano et al. demonstrated an efficient steam generation device with a combination of efficient solar absorption, capillary water Fig. 7 (a) Energy balance and heat transfer diagram for a blackbody solar receiver operating at 100°C (The 1000 W•m -2 delivered by the ambient solar flux is not enough to sustain the heat losses, and a 100°C equilibrium temperature cannot be reached); (b) Energy balance and heat transfer in the developed one-sun, ambient steam generator (OAS); (c) A photograph of the OAS composed of a commercial spectrally selective coating on copper to suppress radiative losses and to thermally concentrate heat to the evaporation region (The bubble wrap cover transmits sunlight, and minimizes convective losses. Slots are cut in the bubble wrap to allow steam to escape. Thermal foam insulates the hot selective absorber from the cool underlying water, and floats the entire structure. The inset compares thermal radiative losses at 100°C from a blackbody and the spectrally selective absorber). Reprinted with permission from Ref. [92] . Copyright 2016, Springer Nature. feeding and narrow gap evaporation process, which can also be achieved through common materials (Fig. 8) [98] . In 2018, Xue et al. designed a compact solar-thermal membrane distillation system with three structure features: highly localized solar-thermal heating, effective cooling strategy, and recycling the latent heat, as presented in Fig. 8  [99 ].
Mass transfer
Mass transfer including water transport and vapor escape is another key factor for improving the efficiency of water vapor generation, which is also closely related to the thermal management. Optimizing the proper amount of water supply is very important. Hydrophilic [46, 49, 100] or hydrophobic [59, 65, 101] , pore size and coupling with other physics-assisted enhancement etc. have great impacts on the water transport and the efficiency of water vapor generation.
In the absence of water transport studies, direct evaporation usually requires hydrophobicity. In 2014, Zeng et al. fabricated floatable low-density millimetersized hollow carbon beads which were hydrophobic and achieved an evaporation rate of 1.28 L$m -2 $h -1 [102] . While considering heat management in most designs, attention was paid to water transport control which needs hydrophilicity feature. In 2017, Yang et al. demonstrated that functionalizing graphene using hydrophilic groups can greatly enhance the solar thermal steam generation efficiency [49] . They explained the hydrophilic feature would influence the water meniscus profile at the vaporliquid interface due to capillary effect, which will lead to thinner water films close to the three-phase contact line, leading to more efficient evaporation.
In 2015, Ito et al. synthesized a versatile porous hydrophobic graphene with nitrogen doping as a superior heat localization material for highly effective steam generation [47] . The pore sizes of the graphene can be tailored by CVD temperatures from 100-300 nm to 1-2 mm. The evaporation rate of 1.50 kg$m -2 $h -1 for N950 (pore size 1-2 µm) which was better than the samples with small pore size and without nitrogen doping can be achieved. In 2017, Zhang et al. prepared long-range VAGSM with lateral dimensions of 30-50 µm as the highly efficient solar thermal converter for generation of clean water (Fig. 9 ) [48] . The run-through channels facilitating the water transport of the VA-GSM, and achieved average water evaporation rates of 1.62 and 6.25 kg$m -2 $h -1 under 1 and 4 suns illumination, respectively.
In 2018, Liu et al. presented a GBMCC device with mesoporous and macroporous structures for harvesting solar energy [64] . They reported the first photothermal material using robust bulk mesoporous carbons, and the first photothermal devices by combining solar energy with other physics fields, using wind-driven negative pressure to generate water vapor with very high efficiency.
The device gave water evaporation rates of 1.58 and 2.71 kg$m -2 $h -1 under 1 and 3 suns illumination, respectively, and also achieved a record high water vapor generation rate of 7.55 kg$m -2 $h -1 under 1 sun solar intensity at the wind speed of 3 m$s -1 (Fig. 10 , Table 1 ). Cui et al. reported a rational combination of photo-electrothermal effect on an all-graphene hybrid architecture, and the unique graphene evaporator reached a high water production rate of 2.01-2.61 kg$m -2 $h -1 under solar illumination of 1 kW$m -2 [103] . Table 1 summarizes the materials and performances of the recent photothermal devices, the materials' optical properties for solar absorption, the devices' parameters including energy conversion efficiency, evaporation rates under 1 sun are compared. Generally, a black solar absorber composites with a hydrophilic carrier, which can help the evaporation achieving water supply balance. High absorbance is not a sufficient condition for achieving efficient water evaporation, such as CNT arrays, which has an absorbance of 99% but the evaporation efficiency only 30%. HNG with molecular mesh structure achieved water molecule cluster evaporation, which can reduce the latent a) The solar absorption, the energy conversion efficiency and the evaporation rates of various photothermal materials under 1 sun.
heat of evaporation of water, and a high evaporation rate of 3.2 kg•m -2 •h -1 was achieved. Graphene utilized solar thermal and solar photovoltaic together to improve the water evaporation rate to 2.01-2.61 kg$m -2 $h -1 . The highest evaporation rate (7.55 kg$m -2 $h -1 ) was obtained by using geopolymer as a carrier, mesoporous carbon as a photothermal conversion layer, and a weak wind was used to form an evaporation negative pressure, which was about 15 fold of the of the natural evaporation rate of water (0.502 kg$m -2 $h -1 ). New approaches including developing better materials, optimized thermal management or using concentrated solar apparatuses are promising to further enhance the evaporation rates. The evaporation rate and the energy conversion efficiency are two key technical indicators in the field of solar vapor generation. The evaporation rate is generally defined as the mass of water evaporated per unit area per unit area under the corresponding solar energy. The energy conversion efficiency (η th ) is used to evaluate the solar-tovapor efficiency. It is defined as below:
where _ m is the mass loss rate per unit area, h LV is the total enthalpy of sensible heat (from initial water temperature to evaporation temperature, specific heat of water 4.2 J$g -1 $K -1 ) and latent heat of phase change (2256 J$g -1 ), C opt is the optical concentration, and q i is the nominal direct solar irradiation of 1 kW$m -2 . Usually, the background data in dark environment will be subtracted when calculating the evaporation rate.
Challenges and future perspectives
In spite of the amazing achievements have been made in the novel materials and structures, most of the reported results are still in the early stage and laboratory a scale, more effort and innovations are still needed towards practical applications in which low cost, large area, mechanical robust, environmentally friendly have to be considered and met. System integrations and development are also very important before the field tests. For practical applications, there are still many obstacles to overcome. The following are some of the major challenges.
Challenges
(i) The problem of crystallization and precipitation of salts (NaCl, CaSO 4 , MgSO 4 , etc. in sea water) is the primary one, which is always present during the evaporation process. The crystallization and precipitation of salts can occur on the materials' surface, such as the interlayer of graphene, the inwall of the carbon nanotube, the surface of the metal nanoparticles and the pores of the porous carbon, which will seriously hinder the water transfer, heat transfer and the water steam formation.
(ii) For some of these materials, such as gold, silver, semiconductors, metal nanoparticles, graphene and carbon nanotubes are relatively expensive and have a certain negative impact on the environment. In addition, the stability and scalability of these devices which are still in the laboratory scale and early stage, facing relatively more difficulties and challenges in the actual application environment.
(iii) Although recent studies have explored on improving the device structures, structural designs are still one of the main issues. How to achieve the balance between water transmission and steam formation, how to achieve heat management and how to achieve corresponding adjustments with environmental changing are still requiring innovative structural designs.
Perspectives
Solar-driven water evaporation can make full use of low quality solar energy, be friendly to environment and easy to manufacture, which make it attractive and economical to effectively solve the global problems of energy and clean water scarcity. Solar evaporation assisted by the photothermal materials towards brine water treatment for the purpose of zero-liquid discharge and/or salt extraction is expected to grow with the demand and regulation of the global environment [105] .
Materials which can be thermal stable, robust, flexible, easy recycle, etc. are eager to be developed in practical applications. The design of the device, coupled with other energy enhancement, the collection of pure water, effectively utilizes the latent heat generated by water condensation are also important in solar evaporation and distillation applications. With the optimized structural designs, energy management, fully combine with other renewable energy sources to realize large-scale integrated devices on a unlimited area, and make seawater desalination no longer high cost, high energy consumption, the solar-driven water evaporation is expected to realize in the near future.
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